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ABSTRACT

Six XMM-Newton observations of the bright narrow line Seyfert 1, Mrk 110, from 2004-2020, are presented. The analysis of the
grating spectra from the Reflection Grating Spectrometer (RGS) reveals a broad component of the He-like Oxygen (O VII) line, with
a full width at half maximum of 15900 + 1800 km s~! measured in the mean spectrum. The broad O VII line in all six observations
can be modelled with a face-on accretion disk profile, where from these profiles the inner radius of the line emission is inferred to lie
between about 20-100 gravitational radii from the black hole. The derived inclination angle, of about 10 degrees, is consistent with
studies of the optical Broad Line Region in Mrk 110. The line also appears variable and for the first time, a significant correlation
is measured between the O VII flux and the continuum flux from both the RGS and EPIC-pn data. Thus the line responds to the
continuum, being brightest when the continuum flux is highest, similar to the reported behaviour of the optical He II line. The density

of the line emitting gas is estimated to be n, ~ 10! cm™, consistent with an origin in the accretion disk.

Key words. X-rays: individuals: Mrk 110 — galaxies: active — quasars: general — radiation mechanisms: general —

accretion, accretion disks

1. Introduction

Studying the X-ray spectral components in active galactic
nuclei (AGN), from the soft excess (Czerny & Elvis 1987,
Gierlinski & Done 2004) to the Fe K line (Nandra et al. 2007;
Patrick et al. 2012; Risaliti et al. 2013), can infer the prop-
erties of the innermost accretion disk and its immediate
environment. In the so-called bare AGN, our line of sight inter-
cepts little or no X-ray absorption, for example for Fairall 9
(Emmanoulopoulos et al. 2011; Lohfink et al. 2016) or Ark 120,
(Vaughan et al. 2004; Reeves et al. 2016; Porquet et al. 2018).
They provide the clearest view of the disk-corona system, where
most of the accretion power is radiated. As a result, their
X-ray emission line profiles can be measured with less ambi-
guity, avoiding the complexities introduced from modelling an
intervening warm absorber (Miller et al. 2009).

The X-ray bright, bare AGN, Mrk 110, has been classified
as a narrow line Seyfert 1 (NLS1) due to its relatively nar-
row broad optical permitted lines (HS FWHM < 2000kms™';
Bischoff & Kollatschny 1999; Grupe 2004). Its has no intrinsic
X-ray absorption and displays a prominent soft X-ray excess
below 2keV, with a strong, broadened O VIl emission line
(Boller et al. 2007). However, Mrk 110 has an unusually large
[OIII]A5007/Hp ratio and very weak Fell emission, which is
more consistent with broad line Seyfert 1s (BLS1s) rather than
NLS1s (Véron-Cetty et al. 2007) and indicates a low Eddington
ratio (Boroson & Green 1992; Grupe 2004; Véron-Cetty et al.
2007). Another peculiar characteristic of Mrk 110 is that it
has a rather large black hole mass, as deduced from the
detection of gravitational redshifted emission in the variable
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components of the broad optical lines, with a mean value of
Mgy = 14 £ 3 x 10" M, (Kollatschny 2003). Comparing this
to the virial mass estimate derived from reverberation mapping
(Myi; = 1.8+0.4 x 107 M), Kollatschny (2003) deduced a face-
on orientation (6 = 21 + 5°) and a disk-like broad line region
(BLR) geometry. Liu et al. (2017) have recently confirmed this
nearly pole-on view of the disk-like BLR in Mrk 110, with an
inclination of 8 = 7-10°. The face-on orientation of Mrk 110
may explain its unusual optical characteristics and its bare X-ray
spectrum.

Here, we report on six soft X-ray spectra of Mrk 110,
obtained from 2004-2020 with the Reflection Grating Spec-
trometer (RGS: den Herder et al. 2001) on-board XMM-Newton.
A broad O VII emission line is observed, confirming its origi-
nal detection in the first XMM-Newton observation in 2004 by
Boller et al. (2007). From modelling the line profile, we show
that it may originate from a face-on accretion disk, on scales of
tens of gravitational radii from the black hole. Furthermore, for
the first time we demonstrate that the O VII line is variable and
correlates with the continuum flux.

2. Observations and data analysis

Mrk 110 was observed six times with XMM-Newton, see Table 1.
Four observations were performed in November 2019 (hereafter
2019a—d), with one six months later in April 2020. Two of the
observations (2019d and 2020, Table 1) were also performed
simultaneously with NuSTAR (Principle Investigator (PI) D.
Porquet) and an analysis of their broad band X-ray spectra will
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Table 1. Log of the XMM-Newton RGS observations of Mrk 110.

Sequence Obs date Exp @ Rate @ Flux @
0201130501  2004/11/15 47.1 0.803 + 0.003 3.33
0840220701  2019/11/03 42.1 0.398 + 0.002 1.77
0840220801  2019/11/05 38.4 0.584 +0.003 2.58
0840220901  2019/11/07 39.3 0.619 + 0.003 2.73
0852590101  2019/11/17 39.2 0.629 + 0.003 2.79
0852590201  2020/04/06 47.2 0.472 +0.002 2.11

Notes. “Net exposure (in ks) and count rate, per RGS detector. ?Total
flux over the 0.3-2.0 keV RGS band in units of x10~"' ergcm™s7".
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Fig. 1. Swift XRT (0.3-2.0keV) light curve of Mrk 110, showing the
portions closest to the times of five of the XMM-Newton observations.
The XMM-Newton start times are marked with vertical dotted lines, with
four occurring in November 2019 (a—d respectively) and one in April
2020 at the start of the 2020 Swift monitoring period. Mrk 110 shows
factor of two soft X-ray variability. Time is plotted from the beginning
of the 2019-20 Swift monitoring, which commenced on February 20,
2019.

be presented in a subsequent work. The new observations coin-
cided with a 2019-2020 Swift monitoring campaign on Mrk 110
(PI A. Lobban). Figure 1 shows the portions of the Swift XRT
0.3-2.0keV band light curve which coincided with the five
XMM-Newton observations in 2019-2020. The 2019a and 2020
observations coincided with lower fluxes, while all three 2019a—
c observations (PI E. Costantini) were each separated by only
2 days, encompassing a mini X-ray flare. The 2019d observa-
tion was 10 days later and on a flat part of the curve. The 2004
exposure was the brightest one and occurred prior to any Swift
monitoring. The RGS light curve is shown in Appendix A.

To study further the O VII line and its variability, first-order
RGS spectra from all six observations of Mrk 110 were reduced
using the RGSPROC script as part of Science Analysis System
(SAS) v18.0.0. RGS 1 and RGS 2 spectra for each observation
were combined and binned to A = 0.08 A, sampling the full
width at half maximum (FWHM) spectral resolution of the RGS.
Spectra were fitted over the 6-35 A range. The net count rates,
fluxes, and exposures (per RGS module) are reported in Table 1.

The Galactic column density towards Mrk 110 is Ny =
1.30 x 10 cm™ (Kalberla et al. 2005). We used the X-ray
absorption model TBNEW (Vv2.3.2) from Wilms et al. (2000),
assuming their interstellar medium (ISM) elemental abundances
and the cross-sections from Verner et al. (1996). The C-statistic
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Fig. 2. XMM-Newton RGS spectra of Mrk 110, fluxed againsta I' = 2
power-law, showing the 2004, 2019d, and 2020 observations spanning
the typical flux range of the AGN. The expected wavelength of the O VII
forbidden line (22.1 A) is shown by the dotted vertical line. Strong and
broad O VII emission is seen in the brightest 2004 observation, which
diminishes towards the 2019d and 2020 (faintest) observations. The
continuum also becomes somewhat softer with increasing flux. The
spectra are re-binned to A1 = 0.2 A bins for clarity.

(Cash 1979) was used for the RGS fits and all errors are
quoted at 90 percent confidence for one interesting parameter
(AC = 2.71). Parameters are given in the AGN rest-frame at
z =0.03529.

3. Emission line analysis

To model the continuum of each of the six RGS spectra, a sim-
ple broken power-law function was adopted. This allows for the
photon index to become steeper at lower energies. This results
in a soft X-ray photon index of between I' = 2.45 + 0.03 (2004)
and I' = 2.12 = 0.05 (2019a), with a trend for the photon index
to steepen slightly with increasing flux between observations.
Above a break energy of Epeax = 0.90 + 0.08keV, the pho-
ton indices are somewhat harder, ranging from I' = 2.11 + 0.06
(2004) to T = 1.95 + 0.07 (2019a). There is no ionised absorp-
tion apparent towards Mrk 110; an upper limit of Ny < 2.6 X
10%° cm=2 was found for a warm absorber with an ionisation
parameter between log(¢/ ergecms™) = 1 - 3.

Clear deviations due to line emission are present in the region
around the He-like O vII complex between 21-24 A. An initial
view of three of the spectra (2004, 2019d, and 2020) is shown
in Fig. 2. The prominent O VII line near 22A is present in all
three spectra; however, it appears strongest in the high flux 2004
observation and weakest in the low flux 2020 observation. The
emission also appears broadened. A composite line profile, con-
sisting of broad and narrow Gaussian components, was fitted
to the oxygen emission. The intensity of the broad component
appears strongly variable. In 2004, the broad O V11 line had a flux
of N = (4.1 +0.8) x 10~* photons cm~2 s~!, which is diminished
by about a factor of five to N = (0.7+0.3)x10~* photons cm™2 s~!
in the low flux 2020 observation. Considering these three obser-
vations, the line is broadest in the 2004 spectrum, with a width
of o = 12.1*33 eV, corresponding to a FWHM velocity width of

VEwaM = 15 3003288 kms™!. In the 2019d spectrum, its width

is o = 7.7"3% eV (or vewam = 98003500 km's,™"), while only in
the 2020 observation where the emission is weak is the broad-
ening not confirmed (o < 4eV). The energy centroid is also

redshifted compared to that expected from either the forbidden,
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Table 2. Results from O VII emission line fitting.

OBS Rin @ Nigtine © Npy © Nosiev @ AC©
2004 31f2 41+07 4306 4.89+0.10 98.1
2019a 106+81 1.5+05 <1.2 2.34 +£0.05 28.4
2019b 17:’2 1.8+06 16+07 3.75+0.07 18.2
2019¢ 37f; 21+06 16+08 3.82+0.08 26.9
2019d 85tf% 24+06 25+05 3.92+0.08 41.1
2020 83”2 1.2+05 12+05 2.83+0.06 15.5

Notes. @Inner disk radius in units of R,. ®Line flux, fitted with the
KYRLINE model to the RGS spectra. Units are x10~* photons cm™2 s~
©Line flux measured from the EPIC-pn spectra, with a Gaussian model.
Units are as stated previously. “Monochromatic continuum flux mea-
sured at 0.5 keV in units x1072 photons cm™2 s~ keV~!. ) Improvement
in C-statistic upon adding the KYRLINE component.

inter-combination, or resonance lines at 561 eV, 568.5¢eV, and
574 eV, respectively; for example, for the 2004 observation,
E = 555.8 + 2.9¢eV. This and the large velocity widths, which
are significantly higher than for the optical BLR of Mrk 110
(Kollatschny 2003; Liuetal. 2017), suggest an origin in the
accretion disk.

In contrast, a narrow (o0 < 1eV) component occurs at an
energy of E = 561.1 + 0.5eV (or 22.1 A) and is likely asso-
ciated with the O vII forbidden line from distant, low density,
photoionised gas (Kinkhabwala et al. 2002). Its flux, of N =
(2.9 +1.2) x 10~ photons cm~2 57!, is consistent with being con-
stant across all observations, which suggests an origin distant
from the black hole. The intensity is much lower than the broad
component. Similarly, a weak narrow resonance line is also
found at E = 573.1+0.7 eV and with a similar intensity. The only
other narrow component is from the H-like line of O VIII Lya,
which occurs at E = 653.7+0.6eV (or ~19 A). These weak nar-
row line components, as well as the strong broad O VII profile,
are most evident in the mean profile, as is shown in Fig. 3 (upper
panel). The mean broad line has a redshifted centroid energy of
E = 551.1 + 1.6eV, a FWHM width of 15900 + 1800 kms™!,
and a flux of N = (1.7 + 0.2) x 10~* photons cm =2 57!

3.1. Accretion disk line profiles

The XSPEC KYRLINE model was then applied (Dovciak et al.
2004) to fit the O VII emission with profiles computed from the
surface of an axi-symmetric accretion disk, including the special
and general relativistic effects expected from close to the black
hole. Identical results were also found using the RELLINE model
of Dauser et al. (2010). The line rest energy was restricted to lie
between 561 and 574 eV and the best fit value was found to be
565 + 4eV, intermediate between the forbidden and intercom-
bination lines. It is important to note that the latter may dom-
inate in the denser environment of the disk (Porquet & Dubau
2000). A disk annulus was assumed, where the outer radius is
Rout = Rin + 50R, (and Ry = GM/ c? is the gravitational radius).
However, the modelling is not sensitive to the outer disk radius
and a value of Ry, = 400R, resulted in only a marginally worse
fit (by AC = 4.2). An emissivity law of R=> was assumed. The
profiles obtained were not dependent on the black hole specific
angular momentum « as the emission was found to typically
arise from tens of gravitational radii. Thus @ = 0 was assumed.
The constant narrow components were included as above; how-
ever, as a result of their low flux, they have a negligible impact
on the derived accretion disk line parameters.
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Fig. 3. Data minus continuum residuals for the mean spectrum (upper
panel) and each of the six RGS observations (lower six panels), over
the O viI band. Overlaid (solid line) is the best-fit line profile, fitted
with the KYRLINE model for the six observations and with the com-
posite Gaussian model for the mean spectrum. The line flux is variable
between the six spectra, being strongest at higher fluxes (2004 observa-
tion) and weakest at lower fluxes (2019a and 2020 observations). The
profile shape is also variable, which may be attributed to arising from
different disk radii, the broadest profiles (2004, 2019b, and c) occurring
from emission closer to the black hole. The line parameters are listed in
Table 2.

The six spectra were fitted varying the disk inner radius (Rj,)
and line flux (normalisation) between epochs. The inclination
was also fitted for, but was assumed to be invariant across the
datasets. The best-fit value is § = 9. 9“’%2 , consistent with a
pole-on disk as is implied by the optical emission line profiles
(Kollatschny 2003; Liu et al. 2017). The resulting O VII profiles
are plotted in Fig. 3 for each dataset, with the best-fit models
overlaid and the fit results are reported in Table 2. The pro-
files appear variable in both intensity and shape; for example,
the original 2004 profile is highly broadened and intense, while
the 2019c profile has a similar shape, but is of a lower intensity.
The 2019d profile appears double-peaked, while the weakest
profiles are found in the lowest flux 2019a and 2020 observa-
tions. The 2019b profile appears to be an outlier as the profile is
very broad, but it has a low contrast against the continuum. The
profile changes can be explained by a combination of variations
in intensity and the inner radius, whereby broader profiles are
produced for smaller R;, values. The overall fit-statistic obtained
across the six spectra is C/v = 2156/2024. The fit becomes
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Fig. 4. O v11 line flux, as inferred by the KYRLINE model, plotted against
the monochromatic continuum flux at 0.5keV. The six RGS observa-
tions show a positive trend, with the line flux (black circles) increasing
with the continuum flux. The solid line shows the best fit correlation to
the RGS data, which is significant at 99.7% confidence. A positive trend
is also inferred from the EPIC-pn data, the red open circles (plus an
upper limit in 2019a, red arrow) show these corresponding line fluxes.

significantly worse (by AC = 40 for Ay = 5) if the inner radius
is assumed to be invariant across the spectra and further still (by
AC = 34 for Av = 5) if the line flux is also assumed to be con-
stant.

3.2. A correlation between the line and continuum flux

Figure 4 shows the RGS fluxes of the O vII lines, as derived
from the KYRLINE model, plotted against the continuum flux
at 0.5keV. The line flux appears to be correlated with the con-
tinuum, that is the strongest line occurs in the highest flux
2004 observation and the weakest are in the lowest flux spectra
(2019a, 2020). The correlation was quantified by fitting a lin-
ear relation between the line and continuum flux, of the form
Novii = aNyskev + ¢, where Noyy is the line photon flux and
Noskev 18 the monochromatic continuum flux at 0.5keV (in
units of photonscm™s~! keV~!), as is reported in Table 2 and
Fig. 4. This gave a good fit (y*/v = 3.8/4), with a gradient of
a = 098 + 0.26 and an intercept of ¢ = —1.3 = 0.9. A con-
stant line flux returned a poor fit, with y?/v = 18.3/5, rejected at
99.7% confidence.

An analysis of the excess line flux in the six EPIC-pn spectra
of Mrk 110 (see Appendix A) also confirms the positive corre-
lation. The line fluxes, as modelled with a Gaussian line, were
measured in 5/6 EPIC-pn spectra and are listed in Table 2, along
with one upper-limit (2019a). These are plotted in Fig. 4 (red
points), alongside the RGS measurements and are consistent
within errors. A linear correlation to the pn data-points returned
a gradient of @ = 1.35 + 0.29 and intercept of ¢ = -2.8 £ 1.1,
also consistent with the RGS. A constant line flux is ruled out at
99.98% confidence (with)(z/v =24.3/5).

The root mean square (rms) variability spectrum was com-
puted across all six RGS observations to provide a further assess-
ment of the variability of the O VII line. The methodology and
results are described in detail in Appendix B. In summary, an
excess of counts was detected in the rms spectrum over the O VII
band, compared to a variable powerlaw continuum. This also
confirms the line variability and thus the positive correlation
between the O VII line and continuum flux in Mrk 110.
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4. Discussion and conclusions

The analysis of six XMM-Newton RGS observations of Mrk 110
has confirmed the presence of the broad O VII line, as was first
reported by Boller et al. (2007). Furthermore, we show that the
line originates from a face-on accretion disk, which is consis-
tent with the orientation of the optical BLR (Kollatschny 2003;
Liu et al. 2017), and it appears to respond to the continuum flux.
Notably, relativistic disk lines from H-like O, N, and C were first
claimed in the RGS spectra of the Seyfert 1 galaxies, MCG —6-
30-15 and Mrk 766 (Branduardi-Raymont et al. 2001; Sako et al.
2003), as well as in a small number of other AGN, including,
for example, NGC 4051 (Ogle et al. 2004) and ESO 198—-G24
(Porquet et al. 2004). The former two cases have since been dis-
puted, with the features possibly arising from a dusty warm
absorber (Lee et al. 2001; Turner et al. 2003), while the broad O
profiles in NGC 4051 are consistent with the optical-UV broad
line region (Peretz et al. 2019). In Mrk 110, there is no detectable
warm absorption and the broad oxygen emission is revealed
against the otherwise featureless, bare continuum.

The presence of broad Ovi or OVl lines originat-
ing from BLR gas appears to be frequent in AGN X-ray
spectra (Costantini et al. 2007; Longinotti et al. 2008, 2010;
Detmers et al. 2011; Reeves et al. 2013, 2016). However, in Mrk
110, the O vir line width is significantly broader than for the
optical broad lines. The velocity width inferred from the mean
RGS profile is vewpm = 15900+ 1800 km s7!, while Kollatschny
(2003) measured widths of vewpm = 4444+200kms~! (for He It
14686) and vewum = 1510 = 100kms~! (for Hp). The radial
location of the optical BLR emission in Mrk 110 lies between
10'°~10'7 c¢m, as inferred from the lags between the optical lines
and the continuum of between 4 and 32 days (Kollatschny 2003).
The broad O VII emission region likely resides inside this, given
its greater line width, at tens of gravitational radii as inferred
by the disk line modelling. This is consistent with the gravita-
tional redshift of the O vII profile of Az ~ 0.02—-0.03, as inferred
both from the mean line energy obtained from these observations
and the line energy computed in Boller et al. (2007) for the 2004
observation.

To determine the physical properties of the X-ray line emit-
ting gas, the Mrk 110 RGS spectra were modelled with the
photoionised emission predicted by XSTAR, convolved with
the velocity broadening from the accretion disk. Fitting the
2004 RGS spectrum resulted in an ionisation parameter of
log(£/ergems™) = 1.2 + 0.3, where the dominance of the O VII
emission over O VIII sets the gas ionisation. The gas density was
calculated via n, = Lo, /.§-‘R2, where Lig, = 10% erg s7! is the 1-
1000 Rydberg ionising luminosity for Mrk 110. At a distance of
R =5x% 10" cm ~ 30R,, the density is then n, = 3 x 10! cm™.
This is much higher than expected for BLR clouds.

The density of a standard « accretion disk was computed in
the case where the inner region is radiation dominated. From
Eq. (1) in Garciaetal. (2016) (also see Svensson & Zdziarski
1994) and for a black hole mass of Mgy = 108 M, with a vis-
cosity parameter of @ = 0.1, then the predicted density versus
radius is as follows:

-1
ne ~ 7% 102w [1 - (%)] (1-53cm3

where r is in Schwarzschild units. Here i is the dimensionless
accretion rate, defined as rir = M/(yMgaq) = Mc*(Lgaq)~", while
f is the fraction of power radiated in the corona. In Mrk 110, for
an efficiency of = 0.1 and an Eddington ratio of ~10%, then
m is near unity. Thus for f ~ 0.1 and a similar radius above
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(r ~ 15Ry), the disk density is predicted to be of the order of a
few times 10'* cm™3. This is consistent with the density derived
above and an origin in the accretion disk appears plausible.

The broad O VII line is variable, on timescales down to 2 days
between observations. The line flux appears to respond to the
soft X-ray continuum level, as is shown in Fig. 4. This is consis-
tent with the short timescale delays (7 = 4 + 2 days) seen for the
He I line, while the broadest (FWHM of 6000 kms~') compo-
nent of He I also shows pronounced variability by up to a factor
of eight in flux (Véron-Cetty et al. 2007). The O VII behaviour
may be an extension of this, but from where this higher excita-
tion line originates closer to the black hole in a face-on system.

Similar to the He I line, the broad O VII line appears weak
and relatively narrow (or from larger radii, Table 2) in the low-
est flux spectra, as seen in the 2019a and 2020 observations.
From Fig. 1, the 2019a observation occurs during a dip in the
light curve, while the April 2020 observation occurs prior to
a prolonged (days-long) flare in the X-ray light curve. The
strongest broad profile occurs in the highest flux 2004 obser-
vation, but which did not coincide with any X-ray monitoring.
However the behaviour is similar to what has been recently mea-
sured in the Fe K lines of some AGN, where the broad disk
components emerge only during brighter episodes, for exam-
ple in Ark 120 (Porquet et al. 2018), NGC 2992 (Shu et al. 2010;
Marinucci et al. 2018, 2020), and PDS 456 (Reeves et al. 2021).
Here, the O VII variability could probe reverberation in the inner
disk, where an increase in line flux and width might proceed
strong flares in the X-ray light curve. Future, more intensive
monitoring of Mrk 110, with XMM-Newton RGS and Swift,
could reveal this behaviour.
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Appendix A: Analysis of the EPIC-pn data
A.1. Data reduction

The XMM-Newton EPIC (European Photon Imaging Camera)
event files were processed with the Science Analysis System
(SAS) v18.0.0, applying the latest available calibration. Due
to the high source brightness, all the EPIC instruments were
operated in small window (SW) mode. However, this was not
sufficient to prevent photon pile-up in the MOS cameras and
therefore only the EPIC-pn (Striider et al. 2001) data were anal-
ysed. The EPIC-pn spectra were extracted using event patterns
04, that is from single and double pixel events. Source spectra
were obtained from a circular region centred on Mrk 110, with
a radius of 35", to avoid the edge of the chip. The background
spectra were extracted from a rectangular region in the lower part
of the CCD window that contains no (or negligible) source pho-
tons. Redistribution matrices and ancillary response files for the
six pn spectra were generated with the SAS tasks RMFGEN and
ARFGEN. The subsequent source spectra were binned to a mini-
mum of 100 counts per bin and y? minimalisation was employed
for spectral fitting. The background rates are less than 1% of the
net source rates over the 0.3—10keV band.

The total net exposures (about 30ks per observation,
accounting for CCD deadtime) and the 0.3—-10keV band count
rates are listed in Table A.1. Three of the observations, 2019a—
¢, were performed with the thick optical filter in place in front
of the EPIC-pn camera, while the remaining three used the thin
filter. The result of this is that the count rates in the thick fil-
ter observations were attenuated in the soft band by up to about
40% at 0.5keV, compared to the thin filter observations. This
was accounted for in the ancillary response files, via the reduc-
tion of the pn effective area at soft X-rays in the effective area
curve. The 0.3-2.0 keV count rate light curves of the six Mrk 110
observation are shown in Fig. A.1. As the EPIC-pn observations
employed different optical filters, the RGS 1+2 light curves are
plotted instead to provide a like-for-like comparison between the
six observations. As is discussed in the main article, the 2019a
observation is the faintest one by about a factor of two compared
to the brightest 2004 observation, while the 2019b—d observa-
tions are of a similar soft X-ray flux.

A.2. Spectral analysis

As there was no significant spectral variability within each of the
individual observations, all six observations were subsequently
fitted simultaneously. Compared to a simple power-law fitted
between 2.5-10keV, all six observations show a prominent soft
X-ray excess towards lower energies (Fig. A.2). This soft excess
is stronger in the higher flux observations and the spectra become
slightly softer with increasing X-ray flux as a result. There is no
evidence for any excess X-ray absorption in the spectra, aside
from the Galactic column. The six spectra were subsequently
fitted over the 0.3—-10keV band, using a two component con-
tinuum model consisting of a hard X-ray power-law and ther-
mal Comptonisation emission via the COMPTT model (Titarchuk
1994). The latter accounts for the soft excess seen in the spec-
tra. The relative normalisations of the power-law and COMPTT
components were allowed to vary between the observations. The
Comptonisation component has a best-fit electron temperature of
kT = 0.44 £ 0.04keV and a high optical depth of 7 = 9.9 £ 0.5,
while an input seed photon temperature of kT = 10eV was
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adopted, which represents the tail of the big blue-bump emis-
sion from the disk. The power-law photon index varies slightly
between ' = 1.63 £ 0.01 and I' = 1.73 + 0.01. The X-ray
luminosity of Mrk 110 over the 0.3—10 keV band varied between
1.2-1.9 x 10%ergs!.

Against this continuum model, the six observations show an
excess between 0.5 and 0.6 keV, over the oxygen emission band.
The data over model residuals are shown in Fig. A.3. The excess
is most prominent in the brightest 2004 observation, while clear
positive residuals which are, however, weaker than in 2004 are
also seen in the 2019d and 2020 spectra. The excess is less clear
in the 2019a—c spectra, where the thick filter was in place. The
excess was modelled with a Gaussian emission line with a vari-
able normalisation between the six spectra. Unlike for the higher
resolution RGS spectra, it is not possible to determine changes
in the profile shape between the observations and thus the line
energy and width were tied between the datasets. The subsequent
best-fit line energy was E = 548 + 7eV (in agreement with the
mean RGS line centroid energy), while the Gaussian width was
o=38+13eV.

The results are listed in Table A.1. The line fluxes follow
the same trend as that reported in Sect. 3.2 of the main arti-
cle and thus increase with the continuum flux. The two low-
est line fluxes were obtained for the faintest observations; for
example, in the 2019a observation, an upper-limit of N <
1.2 x 10~* photons cm™2 s™! was measured, while a line flux of
N = 1.2 + 0.5 x 10~* photons cm™>s~! was found in the 2020
spectrum. In contrast, the bright 2004 observation has the high-
est line flux of N = 4.3 + 0.6 x 107* photons cm2s7!, thus a
factor of 3—4 variability is seen in the line flux. Indeed, as is
shown in Fig. 4, the line fluxes obtained from the EPIC-pn spec-
tra agree well with those obtained from the RGS within the mea-
surement errors. In the EPIC-pn spectra, the O VII emission is
detected in five out of six observations at >99% confidence, with
an upper-limit for the faintest 2019a observation. The addition
of the Gaussian emission component across all six spectra led
to an improvement in the fit statistic from y?/v = 6007/5514
(without the O line) to Xz /v = 5778.1/5506 (with the line
included).

Finally we note that an iron K line was detected in all six
spectra. The data over model ratios to each of the six spectra are
also shown in Fig. A.3 (right panels). Measured with a Gaussian
profile, the best fit line energy was E = 6.35 +0.02 keV, with the
exception of the 2004 spectrum, where the line energy is slightly
higher (E = 6.44 +0.04 ke V). Unlike for the O line, no evidence
was found for any variability of the iron line flux. This ranged
between N = 1.10 £ 0.39 x 1073 photons cm 27! (lowest, 2020
observation) to N = 1.63 + 0.45 x 107> photons cm™2s~! (high-
est, 2019d): That is to say they are consistent within the errors.
The line equivalent widths are also consistent, as is reported in
Table A.1. This may be due to the comparatively lower con-
tinuum variability in the higher energy band at about the 40%
level. The line width (tied between all six observations) was
found to be o= = 75*3) eV, which suggests it is just marginally
resolved by the EPIC-pn detector. There is no evidence for the
width to vary between the six observations, or for any additional
line components (e.g. from He or H-like iron). Higher resolution
observations, for example at calorimeter resolution with XRISM
or ATHENA, are required to test whether the Fe K emission line
represents a face-on disk profile, as per the O v1I line in the RGS
spectra.
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Table A.1. Parameters from the six EPIC-pn spectra.

OBS  Exp(ks) Rate(s™') Novi @  EWoyn @ Ay? © Nge @ EWr. @ Fo301ev @ Faojokev @
2004 32.9 2291+003 43+06 93+13 148.3 1.53+£042 47+13 34 +0.1 3.0+0.1
2019a 29.0 10.95 £ 0.02 <1.2 <3.6 - 1.44+040 60+17 1.9+0.1 2.1+0.1
2019b 28.8 1565+0.02 1.6+08 38+19 11.7 1.18+0.44 39+ 15 2.8+0.1 2.7+0.1
2019¢ 27.1 16.72+0.02 1.6+08 3.6+1.8 10.6 1.39+ 046 45+ 15 3.0+0.1 2.8+0.1
2019d 29.9 21.10+0.03 25+0.6 55+14 447 1.63+045 54+15 29+0.1 2.7+0.1
2020 32.7 16.50+0.02 12+05 37+15 16.3 1.10+£039 41=x15 22+0.1 23+0.1

Notes. @Flux of the OVII line, fitted with a Gaussian profile. Units are x10~* photonscm™2s~

. ®Equivalent width of line in units of

eV. ©Improvement in y? upon adding the OVI line component. “Flux of the Fe K line, fitted with a Gaussian profile. Units are

=2 -1

%1073 photons cm=2 s7!. )Continuum flux from 0.3-2.0keV or 2-10keV in units x 107! ergscm™2 s

9

0.3-2 keV RGS1+2 Count Rate (ct s™)
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Fig. A.1. XMM-Newton RGS 1+2 light curve of all six observations, extracted over the 0.3-2.0 keV band. Time is in kiloseconds measured from
the start of each exposure. 2004 is the brightest observation and 2019a and 2020 are the faintest ones, with 2019b—d being at a similar flux level.
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Fig. A.2. All six EPIC-pn spectra of Mrk 110. The spectra are plotted as
aratio against a power continuum of I' = 1.63+0.01, fitted to the faintest
2019a observation over the 2.5-10 keV band. All the spectra show a soft
X-ray excess against the power-law continuum, with the excess being
most prominent in the brightest observations. The continuum in all six
spectra can be fitted with a two-component model, consisting of Comp-
tonised soft X-ray emission from the disk and a hard X-ray power-law.
A weak iron K line at 6.4 keV is also present in all the observations. The
EPIC-pn spectra have been re-binned by a further factor of X5 above the
native binning of 100 counts per bin for display purposes.
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Fig. A.3. Six left panels: EPIC-pn ratio residuals of all six spectra between 0.3 and 1.1 keV, compared to the two component continuum model
as described in the main text. Significant excess residuals are seen over the 0.5-0.6keV O VII line region, in particular towards the 2004, 2019d,
and 2020 pn spectra, where the thin filter was in place. The excess emission can be fitted with a Gaussian profile, with line fluxes as reported in
Table A.1. As per the RGS analysis, the pn data show a similar trend between the line flux and the continuum, whereby the strongest line emission
is found in the brightest (2004) observation and the weakest line flux is found in the two faintest (2019a, 2020) observations. Six right panels:
equivalent data/model ratio plots showing all six pn spectra over the iron K band, where the iron line emission is less variable.

Appendix B: RMS variability analysis

In order to further investigate the variability of the O VII line,
rms variability spectra were extracted for the RGS over the O
K-shell band. There is not sufficient variability to calculate the
rms spectra for each individual observation, which are of only a
40ks duration (e.g. Fig. A.1). However, there is sufficient vari-
ability between each of the six observations to calculate the rms
spectrum across all the observations. To do this, each of the indi-
vidual RGS spectra were binned into equal constant wavelength
bins, increasing the bin size compared to the mean spectra to
Al =02A per bin in order to increase the signal to noise. The
excess variance, 0'§(S, was then calculated about all six obser-
vations in each energy (or wavelength) bin. This is defined as

follows: 0%y = S? — 02, where S is the sample variance as

a function of energy and o2, is the mean square error for each
energy bin. The rms spectrum is simply the square root of the
excess variance versus energy. Errors were calculated following
the prescription given in Appendix B in Vaughan et al. (2003).

Figure B.1 shows the RGS rms spectrum, calculated over
the 0.45-0.7keV band and transposed into the rest-frame of
the AGN. The continuum slope of the rms spectrum was fit-
ted with a power-law of index I' = 2.70 + 0.12. This is steeper
than those measured in the mean RGS spectra, where the pho-
ton index below 1keV varies from I' = 2.12 + 0.03 (2019a)
to ' = 2.45 £ 0.05 (2004). It is consistent with the spectra
becoming softer with an increasing flux (Fig. A.2) and thus
the variable continuum has a steeper photon index. The lower
panel of Fig. B.1 shows the data and model residuals of the
rms spectrum compared to the powerlaw. Excess residuals are
observed in the O VII emission band between 0.54 and 0.57 keV.
This can be parameterised by a broad Gaussian function, with
an energy of E = 562 + 3¢V, a width of o = 6.8 = 2.0eV,
and an equivalent width of EW = 5.3 + 1.4eV. The fit statis-
tic improves from y? = 68.0/42 to y2 = 47.3/39 upon the
addition of the Gaussian component to the variable power-law
continuum.
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Fig. B.1. Spectrum showing the rms variability of Mrk 110, computed
across the six RGS observations in the O band. Upper panel: rms spec-
trum in counts space, compared to a power-law component (black line)
for the variable continuum. Lower panel: ratio of the rms spectrum to
the powerlaw model, where an excess is visible in the O VII emission
band between 0.54-0.57 keV. This confirms the line variability across
all six spectra, as is presented in the main article.

The variability of the O VII line versus the continuum might
be predicted to follow one of three scenarios in the rms spectrum.
If the line flux is less variable than the continuum (or is constant
in flux), then a deficit in counts should be observed in the line
band as the variability is suppressed compared to the continuum.
If the line varies in proportion to the continuum, then no line
residuals should be present. On the other hand, if the line flux
is more variable than the continuum, then an excess would be
predicted, which appears to be the case here. Regardless of the
interpretation, the rms spectrum provides additional evidence of
a variable component of the O VII line between observations.


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140953&pdf_id=7
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140953&pdf_id=8

